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GRAPHENE MEMBRANES AND METHODS
FOR MAKING GRAPHENE MEMBRANES

CROSS REFERENCES TO RELATED
APPLICATIONS

This application 1s a national stage entry of International
Patent Application No. PCT/CA2019/050828 filed on Jun.

12, 2019, which claims the benefit of and/or priority to U.S.
Provisional Patent Application No. 62/689,270, filed on Jun.
25, 2018, both of which are incorporated herein by reference
in their entirety.

FIELD

This document relates to membranes, for example for use
in filters and filtration. More specifically, this document
relates to graphene membranes, and to methods for making,
graphene membranes.

BACKGROUND

US Patent Application Publication No. 2016/0339160 Al
discloses various systems and methods relating to two-
dimensional materials such as graphene. A membrane
includes a cross-linked graphene platelet polymer that
includes a plurality of cross-linked graphene platelets. The
cross-linked graphene platelets include a graphene portion
and a cross-linking portion. The cross-linking portion con-
tains a 4 to 10 atom link. The cross-linked graphene platelet
polymer 1s produced by reaction of an epoxide functional-
1zed graphene platelet and a (meth)acrylate or (meth)acry-
lamide functionalized cross-linker.

SUMMARY

The following summary 1s mtended to introduce the
reader to various aspects of the detailed description, but not
to define or delimit any 1nvention.

According to some aspects, a method for making a
graphene membrane includes applying a suspension of gra-
phene platelets 1n a fluid onto a porous substrate (step a.),
and applying a pressure differential to force the fluid through
the substrate to vyield a filtered fluid while retaining the
graphene platelets on the substrate (step b.). The graphene
platelets and the substrate form the graphene membrane.

In some examples, the fluid 1s a liquid. The liquid can be
or can include water, alcohol, and/or an organic solvent. The
organic solvent can be or can include N-methyl-pyrrolidone.

In some examples, the liquid further includes dissolved
ions. The method can further include step c., during steps a.
and b., measuring a content of the 1ons 1n the filtered tluid,
and when the content reaches a predetermined value, stop-
ping steps a. and b. In some examples, the 1ons are electri-
cally conductive, and step c. includes measuring an electri-
cal conductivity of the filtered liquid. In some examples 10ns
include or are trivalent or bivalent 1ons. In some examples,
the ions include or are AlI°* ions and/or Ca** ions.

In some examples, the fluid 1s a gas. In some examples,
the gas 1s or includes hydrogen gas and/or steam.

In some examples, at least some of the graphene platelets
are Tunctionalized. In some examples, at least some of the
graphene platelets are functionalized as graphene oxide.

In some examples, the substrate 1s or includes polytet-
rafluoroethylene (Tetlon), polysulfone (PsF), polyester (PE),
and/or cellulose.
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Also disclosed are graphene membranes made by the
above processes. In some examples, the graphene mem-
branes include 1ons intercalated within the graphene plate-
lets.

Also disclosed are uses of graphene membranes to purily
water and/or as a conductive suriace.

According to some aspects, a {ilter includes a stack of
graphene platelets. Each graphene platelet includes at least
two layers of graphene. Adjacent layers of graphene 1n the
platelets are spaced apart by an interlayer spacing of at least
0.34 nm. A substrate supports the stack of graphene platelets.

In some examples, the graphene platelets of the stack are
generally non-porous.

In some examples, the stack 1s horizontal. In some
examples, the stack 1s vertical. In some examples, the
graphene platelets of the stack are non-horizontal. In some
examples, the graphene platelets of the stack are non-parallel
to the substrate.

In some examples, at least some of the graphene platelets
of the stack are functionalized. At least some of the graphene
platelets of the stack can be functionalized as graphene
oxide. At least some of the graphene platelets of the stack
can be functionalized with 1ron.

In some examples, the membrane further includes 1ons
bonding adjacent layers of graphene. The 1ons can include
trivalent ions or bivalent ions. The ions can include AI** ions
and/or Ca** ions.

In some examples, the substrate includes polytetratluoro-
cthylene and/or polyester.

According to some aspects, a method for making a
graphene membrane 1ncludes spraying a suspension of gra-
phene platelets 1 a fluid onto a substrate.

In some examples, the fluid 1s a liquid, and the method
further includes drying the liquid. The liquid can include
water, alcohol, and/or an organic solvent. The organic sol-
vent can include N-Methyl-2-pyrrolidone.

In some examples, the suspension further includes 1ons
dissolved 1n the liquid. The 10ons can include trivalent or
bivalent ions. The ions can include Al*

ions or Ca** ions.

In some examples, the fluid 1s a gas. The substrate can be
porous, and the method can further include applying a
pressure differential to force the gas through the substrate
while retaining the graphene platelets on the substrate. The
gas can include air and/or nitrogen and/or water vapor.

According to some aspects, a method for making a
graphene membrane includes a) applying a suspension of
graphene platelets 1 a liquid onto a porous substrate,
wherein the liqud further comprises 1ons; b) applying a
pressure differential to force the liquid through the substrate
to yield a filtered liquid while retaining the graphene plate-
lets on the substrate as a membrane; ¢) during steps a) and
b) measuring a content of the 1ons 1n the filtered liquid; and
d) when the content reaches a predetermined value, stopping
steps a) and b).

In some examples, the 1ons are electrically conductive,
and step ¢) includes measuring an electrical conductivity of
the filtered liquid. The 1ons can 1nclude trivalent or bivalent
ions. The ions can include AlI°* ions and/or Ca** ions.

In some examples, the liqmd includes water, alcohol,
and/or an organic solvent. The organic solvent can include
N-Methyl-2-pyrrolidone.

According to some aspects, a method for making a
graphene membrane includes a) applying a suspension of
graphene platelets 1 a fluid onto a continuously moving
porous substrate belt; and b) applying a pressure differential
to force the fluid through the continuously moving porous
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substrate belt to yield a continuous layer of graphene plate-
lets on the porous substrate belt.

In some examples, the fluid 1s a liquid. The liquid can
include water, alcohol, and/or an organic solvent. The
organic solvent can include N-Methyl-2-pyrrolidone.

In some examples, the suspension further includes ions
dissolved in the liquid. The 10ns can include trivalent or
bivalent ions. The ions can include Al’* ions or Ca** ions.

In some examples, the fluid 1s a gas. The gas can include
air or nitrogen and/or water vapor.

According to some aspects, a method for making a
graphene membrane includes a) applying iron-functional-
1zed graphene platelets onto a substrate so that the 1ron-
functionalized graphene platelets are parallel to the sub-
strate; and b) after step a), applying a magnetic field to the
iron-functionalized graphene platelets to re-orient the 1ron-
functionalized graphene platelets so that the iron-function-
alized graphene platelets are non-parallel to the substrate.

In some examples, step a) includes spraying a suspension
of the ron-functionalized graphene platelets 1n a fluid onto
the substrate. The fluid can be a liquid, and the method can
turther include drying the liquid. The liquid can include
water, alcohol, and/or an organic solvent. The organic sol-
vent can include N-Methyl-2-pyrrolidone.

In some examples, the substrate 1s porous, and step a)
includes applying a suspension of the iron-functionalized
graphene platelets 1n a fluid onto the substrate. The method
can further include applying a pressure diflerential to force
the fluid through the porous substrate while retaining the
graphene platelets on the substrate.

In some examples, the fluid 1s a gas. The gas can include
air and/or nitrogen and/or water vapor.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings included herewith are for illustrating vari-
ous examples of articles, methods, and apparatuses of the
present specification and are not intended to limit the scope
of what 1s taught 1n any way. In the drawings:

FIG. 1A 1s a schematic cross-section taken through a
membrane;

FIG. 1B 1s an enlarged view of a portion of the membrane
of FIG. 1A;

FIG. 2 1s a schematic cross-section taken through another
membrane;

FIG. 3 1s a schematic cross-section taken through another
membrane; and

FI1G. 4 1s a plot showing the flux of graphene membranes
that were created.

DETAILED DESCRIPTION

Various apparatuses or processes will be described below
to provide an example of an embodiment of the claimed
subject matter. No embodiment described below limits any
claim and any claim may cover processes or apparatuses that
differ from those described below. The claims are not limited
to apparatuses or processes having all of the features of any
one apparatus or process described below or to features
common to multiple or all of the apparatuses described
below. It 1s possible that an apparatus or process described
below 1s not an embodiment of any exclusive right granted
by 1ssuance of this patent application. Any subject matter
described below and for which an exclusive right 1s not
granted by 1ssuance of this patent application may be the
subject matter of another protective instrument, for example,
a continuing patent application, and the applicants, inventors
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4

or owners do not intend to abandon, disclaim or dedicate to
the public any such subject matter by 1ts disclosure 1n this
document.

Disclosed herein are membranes that include or are made
of graphene platelets. Also disclosed herein are methods for
making membranes using graphene platelets. The mem-
branes disclosed herein can be used, for example, 1n water
filtration and purification. Alternatively, the membranes dis-
closed herein can be used to form conductive surfaces (e.g.
for use 1n batteries), optionally with intercalated 1ons on or
within those surfaces.

As used herein, the term ‘platelet’ refers to a structure that
includes one or multiple (e.g. at least two) layers of gra-
phene. Preferably, platelets include one, two, or three layers
of graphene. A platelet can be, for example, up to 15
nanometers thick, with a diameter of up to 100 microns. As
used herein, the term ‘graphene platelet” can refer to a
platelet of pure graphene and/or a platelet of functionalized
graphene.

Referring to FIG. 1A, a first example of a membrane 1s
shown. The membrane 100 includes a stack 102 of graphene
platelets 104 (only some of which are labelled 1n FIG. 1A).
As mentioned above, platelets can include one or multiple
layers of graphene. In the example shown, each platelet 104
includes at least two layers of graphene 106 (shown 1n FIG.
1B, and only some of which are labelled).

As used herein, the phrase ‘stack of graphene platelets’
refers to an arrangement that includes at least two overlap-
ping graphene platelets. The platelets of the stack can be
arranged 1n layers, and each individual layer can include
several graphene platelets. The stack of graphene platelets
can be an orderly stack (1.e. can include discrete layers), or
a disorderly stack (e.g. a pile). The graphene platelets 1n the
stack can all be parallel to each other, or non-parallel to each
other.

As used herein, the term ‘parallel’ refers to orientations 1n
which the referenced objects are exactly parallel, or within
10 degrees of being parallel. As used herein, the term
‘non-parallel’ refers to orientations in which the referenced
objects are at an angle of between 10 degrees and 80 degrees
with respect to each other.

In the example of FIGS. 1A and 1B, the stack 102 of
graphene platelets 104 1s vertical. As used herein, the term
‘vertical stack’ refers to a structure 1n which each individual
graphene platelet 104 1s arranged horizontally (1.e. generally
laying flat), with the graphene platelets 104 stacked on top
ol each other.

As used herein, the term ‘horizontal” includes orientations
that are exactly horizontal, or within 10 degrees of being
horizontal. Similarly, the term ‘vertical’ includes orienta-
tions that are exactly vertical, or within 10 degrees of being
vertical.

An alternative example 1s shown in FIG. 2, 1n which like
teatures to those of FIG. 1 are referred to with like reference
numerals, incremented by 100. In the example of FIG. 2, the
stack 202 of graphene platelets 204 1s horizontal. As used
herein, the term ‘horizontal stack’ refers to a structure 1n
which each individual graphene platelet 204 1s arranged
vertically (1.e. generally standing on 1ts edge), with the
graphene platelets 204 positioned beside each other.

A Turther alternative example 1s shown 1n FIG. 3, in which
like features to those of FIG. 1 are referred to with like
reference numerals, incremented by 200. In the example of
FIG. 3, the individual platelets 304 of the stack 302 are
non-horizontal and also non-vertical. That 1s, the individual
platelets 304 of the stack 302 are at an angle of about 45
degrees with respect to the horizontal. In other examples,
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individual platelets of the stack may be at an other angle, for
example an angle of between about 10 degrees and about 80
degrees with respect to the horizontal.

Referring back to FIG. 1, the membrane 100 further
includes a substrate 108 supporting the stack 102 of gra-
phene platelets 104. The substrate 108 can be or can include,
for example, polytetrafluoroethylene (Teflon), polysulione
(PsF) (also referred to as polyether sulione), cellulose,
polyester, and/or other materials.

In the example of FIG. 1, the substrate 108 is porous, to
allow the passage of water or another filtrate. Similarly, 1n
the example of FIG. 3, the substrate 308 1s porous.

Referring to FIG. 2, the membrane 200 includes a pair of
substrates 208a and 2085, on opposed sides of the stack 202.
In this example, the substrates 208a and 2086 are non-
porous. In alternative examples, the substrates can be
porous, partially porous, or have porous sections.

In the examples of FIG. 1, the platelets 104 are parallel to
the substrate 108. Similarly, in the example of FIG. 2, the
platelets 204 are parallel to the substrates 208a and 2085. In
the example of FIG. 3, the platelets 304 are non-parallel to
the substrate 308.

As mentioned above, the membranes disclosed herein can
be used, for example, 1n water filtration and purification.
However, 1n the examples of FIGS. 1 to 3, the graphene
platelets 104, 204, and 304 are generally non-porous (also
referred to as ‘non-perforated’), and the membranes 100,
200, and 300 do not rely on passage of filtrate molecules
through pores or perforations in the graphene layers. Instead,
as shown 1n FIG. 1B, the filtrate molecules 110 (only some
of which are shown and labelled) pass between adjacent
graphene layers 106 1n the platelets 104, and between
adjacent platelets 104. That 1s, adjacent layers of graphene
106 are spaced apart by an interlayer spacing 112. The
interlayer spacing 112 1s sufliciently large to allow the
passage of filtrate molecules 110, but too small to allow the
passage ol larger ions or molecules or particles 114. In
examples wherein the filtrate 110 1s water, the interlayer
spacing 112 may be, for example, at least 0.34 nm.

In order to obtain a desired interlayer spacing, the gra-
phene may be functionalized. For example, in platelets of
pure graphene, the interlayer spacing may be approximately
0.34 nm. In platelets of functionalized graphene, e.g. gra-
phene that 1s functionalized as hydroxylated graphene (also
known as graphene oxide), the interlayer spacing may be
approximately 0.83 nm.

In some examples, 1 order to obtain a desired interlayer
spacing and to stabilize the platelets, adjacent layers of
graphene may be bonded together, optionally with 1ons. In
some examples adjacent layers of graphene are bonded
together with trivalent ions such as AI’*. In some examples
adjacent layers of graphene are bonded together with biva-
lent ions such as Ca>*. In alternative examples, other ions of
other valencies may be used.

The graphene membranes 100, 200, and 300 may be made
in a variety ol ways.

In a first example, a suspension of graphene platelets 1n a
fluid (e.g. a gas or a liquid) 1s sprayved onto the substrate.

In examples where the fluid 1s a liquid, the substrate can
optionally be non-porous (either partially or fully), so that
the liquid as well as the graphene platelets build up on the
substrate. The method can then include a drying step to
remove the liquid. Alternatively, the substrate can be porous.

In examples where the fluid 1s a gas, the substrate can
optionally be porous, with the pores being too small to allow
the passage of the graphene platelets, but suthiciently large to
allow the passage of the gas. A pressure diflerential can be
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applied (e.g. by applying a vacuum on the downstream end
of the membrane or a blowing force on the upstream end of
the membrane) to force the gas through the substrate, while
retaining the graphene platelets on the substrate. Examples
of suitable gases include hydrogen gas, and steam.

In a second example, a suspension of graphene platelets
in a liquid 1s applied onto a porous substrate (1n a fashion
other than spraying), in which the pores are too small to
allow the passage of the graphene platelets, but sufliciently
large to allow the passage of the liquid. A pressure difler-
ential can be applied (e.g. by applying a vacuum on the
downstream end of the membrane or applying a positive
force on the upstream end of the membrane) to force the
liguid through the substrate, while retaining the graphene
platelets on the substrate.

In this example, the liquid can contain dissolved 1ons (e.g.
trivalent or bivalent 1ons as described above), and after the
liquid 1s forced through the substrate, the content of the 10ns
in that liqud (also referred to as a filtered liquid) can be
measured. For example, the 1ons can be electrically conduc-
tive, and the electrical conductivity of the filtered liquid can
be measured to give an mdication of the content of the 1ons
in the filtered liquid. The content of 10ns 1n the filtered liquid
can be mdicative of an extent to which the membrane has
tformed. For example, when application of the suspension to
the substrate has just begun, the membrane will be relatively
thin, and the 1ons will readily pass through the membrane
and the substrate, together with the liquid. I the electrical
conductivity of the fluid 1s measured at this time, 1t will be
relatively high. After some time, with ongoing application of
the suspension to the substrate, the membrane will build up,
and the 1ons will get trapped by the membrane, and will not
pass through the substrate with the liquid. IT the electrical
conductivity of the filtered liquid 1s measured at this time, 1t
will be relatively low. Alternatively, if there 1s a problem
with the formation of the membrane (e.g. if 1t includes a
tear), the electrical conductivity of the filtered liquid wall
remain relatively high, even after some time. Accordingly,
the content of the i1ons 1n the filtered liqud can give an
indication of the extent to which the membrane has formed.,
and to the quality of the membrane. When the content of the
ions reaches a predetermined value, application of the sus-
pension to the substrate can be stopped.

In any of the above examples, after depositing the gra-
phene platelets onto the substrate, the graphene platelets can
be re-oriented. For example, either of the above processes
can be carried out to yield a membrane similar to that shown
in FIG. 1 or FIG. 2, 1n which the platelets are parallel to the
substrate. The graphene platelets can then be reoriented so
that they are non-parallel to the substrate, for example as
shown 1n FIG. 3. In some examples, in order to re-orient the
graphene platelets, 1ron-functionalized graphene platelets
may be used. The iron-functionalized graphene platelets
may be applied on to the substrate so that they are parallel
to the substrate. Then, a magnetic field may be applied to the
iron-functionalized graphene platelets. Due to the interac-
tion of the 1ron 1n the platelets with the magnetic field, the
platelets can move so that they are no longer parallel to the
substrate (e.g. they may be inclined with respect to the
substrate, or may become curved).

In any of the above examples, the process can be con-
tinuous, and/or can be used to create a relatively large
membrane. For example, the substrate can be 1n the form of
a moving belt, and the suspension can be applied to the belt
as 1t moves.

In any of the above examples 1n which the fluid 1s a liquad,
the liqud may be (but 1s not limited to) water, alcohol,
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and/or an organic solvent such as N-Methyl-Pyrrolidone
(NMP). Ions can optionally be dissolved in the liquid.

In any of the above examples where the fluid 1s a gas, the
gas may include air and/or nitrogen and/or water vapor and
or hydrogen gas.

While the above description provides examples of one or

more processes or apparatuses, 1t will be appreciated that
other processes or apparatuses may be within the scope of
the accompanying claims.

To the extent any amendments, characterizations, or other
assertions previously made (in this or 1n any related patent
applications or patents, including any parent, sibling, or
chuld) with respect to any art, prior or otherwise, could be
construed as a disclaimer of any subject matter supported by
the present disclosure of this application, Applicant hereby
rescinds and retracts such disclaimer. Applicant also respect-
tully submits that any prior art previously considered 1n any
related patent applications or patents, including any parent,
sibling, or child, may need to be re-visited.

EXAMPLES

A suspension of 8 ppm ol graphene oxide platelets
(purchased from the “Graphene Superstore”) 1n de-1onized
water was created by somification. Several porous substrates
of 47 mm diameter were created. The porous substrate was
made of commercially available polysulfone. The suspen-
sion was liltered through each substrate using a 1 bar (100
kPa) pressure drop, using 62 mg graphene oxide per m* of
substrate surface area. The pressure drop was created by
vacuum. The substrates and deposited graphene oxide were
then oven dried at 60 C until dry, to create graphene oxide
membranes.

Flux of each membrane was tested by dead end filtering
water containing 4000 ppm salt dissolved in water. Tests
were conducted at 5, 7, and 135 bar.

FIG. 4 shows the result of the flux testing. Flux 1s shown
on the x-axis, in terms of m” of water flow per m” of
membrane 1n one hour. Efliciency 1s shown on the y-axis. An
elliciency of zero would be the membrane removing none of
the salt and an efliciency of 100% would be the removal of
all salt.
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The results indicate that an operating pressure of 7 Bar
produces results similar to current commercially available
reverse osmosis membranes and an operating pressure of 15
Bar 1s on par with current commercially available mem-
branes. The salt content of the filtered solution was 10% of
sea water resulting 1n osmotic pressure ol about 3 Bar. This
suggests that that an overpressure of between 4 and 12 bar
might be required, depending on the desired purity.

We claim:

1. A method for making a graphene membrane compris-
ng:

a. applving a suspension of graphene platelets in a tluid
onto a porous substrate, wherein the fluid 1s a liquid and
the liquid comprises dissolved 1ons;

b. applying a pressure differential to force the fluid
through the substrate to yield a filtered fluid while
retaining the graphene platelets on the substrate,
wherein the graphene platelets and the substrate form
the graphene membrane; and

c. during steps a. and b., measuring a content of the 1ons
in the filtered fluid, and when the content reaches a
predetermined value, stopping steps a. and b.

2. The method of claim 1, wherein the liguid comprises

water, alcohol, and/or an organic solvent.

3. The method of claim 2, wherein the organic solvent 1s
N-methyl-pyrrolidone.

4. The method of claim 1, wherein the 10ns are electrically
conductive, and step ¢. comprises measuring an electrical
conductivity of the filtered liquid.

5. The method of claim 1, wherein the 10ns are trivalent
or bivalent 1ons.

6. The method of claim 1, wherein the ions comprise Al**
ions and/or Ca>* ions.

7. The method of claim 1, wherein at least some of the
graphene platelets are functionalized.

8. The method of claim 1, wherein at least some of the
graphene platelets are functionalized as graphene oxide.

9. The method of claim 1, wherein the substrate comprises
polytetrafluoroethene, polysulfone, polyester, and/or cellu-
lose.
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